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論文内容要約 
   Environmental problems, such as air pollution, global warming induced by emission of greenhouse gases, have 
been drawn large attention. Anti-greenhouse-gases-emission have to be considered by every government before the 
formulation of the national energy strategy. As the alternative clean energy resources, nuclear energy has been paid 
large attention because of its reliable, highly efficient, and clean properties. However, the safety of the operation of 
nuclear power plant (NPP) attracts the most concerns. For the more advanced design on the security level, 
pressurized water reactor (PWR) is the most popular option in most countries. PWR takes more than 70% of NPP 
currently under operating. Steam generator (SG) tube works as a barrier for preventing the leakage of radioactive 
species into human environment. However, many kinds of degradations occur at both primary and secondary sides 
of the tube, strongly shorten the life time of SG-tube. This high sensitivity to the degradation of the SG tube derives 
from the vulnerable tube wall and its corresponding severe service environment. One of the most significant 
degradation is the primary water stress corrosion cracking (PWSCC). For a safe operation of PWR, hydrogen is 
added into primary coolant, known as dissolved hydrogen (DH), to maintain a reducing environment, minimizing 
the corrosion and oxidation degradations of the primary coolant system. However, it is found that the current DH is 
the worst position in the perspective of the PWSCC propagation. Therefore, it is suggested to either increase or 
decrease the DH value of the primary coolant to avoid the PWSCC sensitivity region. For a better reducing 
environment, increment of DH value seems a promising option. However, due to the complicated configuration of 
PWR, thorough evaluation has to be carried out on the potential risks of other degradations resulting from the 
increment of DH.  
As the smallest atom, it is very easy for H to diffuse into other materials. Due to the high temperature environment 
and the thin wall of SG-tube, the increment of DH in primary water will induce a large amount of H to diffuse into 
secondary water by penetrating SG-tube. Two possible damages will occur during H penetration. Firstly, high 
propagation rate of SCC results from a NiO/Ni transition generating from the surface oxide film due to an unstable 
film structure. This NiO/Ni transition phenomenon is determined by the DH value. The increment of DH in primary 
water enhances the penetration of H into secondary water, where the DH of secondary water might be changed. This 
alternation of DH of secondary water can give rise to a high SCC propagation rate of SG-tube from secondary side, 
known as outer diameter stress corrosion cracking (ODSCC). Secondly, H is regarded as a significant factor for 
accelerating oxidation process of metallic materials. In water environment, high oxidation rate indicates a fast 
corrosion rate. Meantime, it is well known that the secondary degradations of SG-tube, including fretting, wear, 
denting, ODSCC, pitting, etc., highly depends on the corrosion behavior. Therefore, the penetrated H will promote 
these degradations on secondary side by accelerating the oxidation/corrosion process. It can be concluded that the 
possible degradations will happen on the secondary water side from the perspective of the modification on oxidation 
process by penetrated H. On the other hand, long-term operation (LTO) is another issue of the current operating 
NPPs. Up to now, more than half of the NPPs are beyond their expiration, which needs license renewal for the 
coming decades. Above concerns will largely enhance the degradation possibility, therefore, reliability evaluation 
under a long-term operation is necessary. The main objective of this thesis is to clarify how different chemical states 
of H interacts with the oxidation process considering the degradation of SG-tube on secondary side induced from 
increasing DH of primary coolant during the long term operation. 
In Chapter 1, the background of the circumstance of the nuclear energy is proposed. Potential risks on secondary 
side of SG-tube, induced from the increment of the DH in primary coolant for reducing current degradations, was 
described. The literature reviews issues for H interacted oxidation process not only in high temperature water, but 
also backgrounded in other research fields, as long as the H-oxidation interaction occurs in these works. At the end, 
the objective and contents of the thesis are exhibited. 
In Chapter 2, the experimental design and the method is proposed. For a better simulation of the real SG-tube 
working condition under H penetration, an in-situ H charged method with a tubular specimen is adopted. Because 
the primary side is not the concern of the current research, H2 gas is used to simulate the high DH in primary water. 
The tests are carried out in high temperature high pressure water environment, which guarantees a similar oxidation 
condition with the practical condition. Meanwhile, in-situ oxidation test in high temperature air environment is also 
adopted for the verification of the possible mechanisms. As one of the SG-tube materials, alloy 600MA is selected 
as the material used in this study. Meanwhile, due to the high Ni concentration of alloy 600MA, metallic Ni is used 
as well. The degradations of the SG tube in NPP occurs in an LTO condition, therefore, the acceleration test is also 
necessary. The pH and DO value are modified for an appropriate consideration of the acceleration test. After the 
test, various characterization techniques are used to analysis the oxidation properties. 
    In Chapter 3, a reduction of the oxide film from the double-layer to single-layer structure with the disappearance 
of NiO is observed. It is confirmed that this reduction results from an increment of the DH value due to the 
recombined H2 by the atomic H penetrated into secondary water. This mechanism is testified by the in-situ 
monitoring of the open circuit potential (OCP) during the oxidation test under a cyclic alternation of the inner 
charged gas between Ar and H2. To validate that the alternation of OCP results in the reduction of the oxide film, 
the oxidation test under a cyclic oxygenated and hydrogenated environment is carried out. The cyclic environment 
is used to simulate the change of DH value of the secondary water due to the H penetration. The results agree with 
the cyclic inner gas oxidation. Therefore, there is a high possibility that penetrated H induces the reduction of oxide 
film and the disappearance of NiO on secondary side of the SG-tube. 
    In Chapter 4, a defective and porous oxide skeleton is observed after oxidizing with the H charging. It is induced 
by the synergy of the two different chemical states of H: i) neutral H in the grain boundary (GB) of the oxide and 
iii) proton (H+) inside the oxide grain. The penetrated H is confirmed to decreases the protectiveness of the oxide 
film. It depends on a two-step redox chain reaction. Step 1: the reduction of Ni2+(NiO) to Ni0 – by neutral H in the 
GB, and, Step 2: the oxidation from Ni0 to Ni2+(aq) – by H+ inside the oxide grain. The defective oxide film promotes 
a fast corrosion rate, suggesting an enhancement of the corrosion-related degradations such as ODSCC, fretting, 
wear, corrosion fatigue, denting, pitting, and wastage (thinning). 
    In Chapter 5, the formation of cavities, amorphous phases and GB oxidation are observed, which results from the 
synergistic effect of the proton, H2 molecule in water and H atom in the matrix. The large amount and thick 
amorphous layer (CrOOH) is observed for the first time under H-charging HTHP water environment in alloy 
600MA. This layer is generated by the synergy of the film porosity and the high H2O/H2 pressure. The cavity layer 
is generated by the acceleration of the outward cation transport and the slowdown of the inward oxygen transport 
by proton in the oxide when H atoms diffuse into the oxide and donate one electron to the oxide lattice. Grain 
boundaries (GBs) exhibit a great resistance to the oxidation after H charging because the atomic H diffuses along 
GBs in the reducing environment. These mechanisms are verified by the oxidation test conducted using metallic Ni 
specimen in air condition at 800°C for 10 h. 
    In Chapter 6, the synergistic mechanism of the effect on oxidation process in high temperature high pressure 
water environment during H penetration was summarized. The possible roles of the different chemical states of H 
in each location are clarified. There are seven possible interdisciplinary mechanisms when H interacts with the 
oxidation process according to the different chemical states in various locations. These are 1) the molecular H2 in 
water; 2) the neutral H in the GB of oxide; 3) the proton 𝑯+ in the oxide grain; 4) the gaseous H2 at the interface; 
5) the atomic H in the GB of the matrix, 6) the negatively charged 𝑯− in the matrix; and 7) the defect-interacted H 
atom in the matrix. Each of these H in different chemical states influences the oxidation process drastically. One of 
the purposes of this study is to evaluate whether it is detrimental or beneficial to the secondary degradation when 
increasing the DH of primary water, and to highlight the implications of these results. Insight into the H-oxidation 
mechanism may help to minimize the possible damage and increase the operation security for utilizing the nuclear 
power. Therefore, an evaluation of the penetrated H on the secondary degradations of the SG tube is also conducted. 
Four possible mechanisms affecting the secondary degradation influenced by penetrated H are identified: i) the 
growth rate of ODSCC is increased by the unstable NiO/Ni oxide film on the secondary side, ii) the corrosion rate 
of the SG tube increased by the growth of monolayer Cr oxide with fine voids, which promotes most of the 
degradations on the secondary side, iii) the susceptibility of ODSCC is also increased by the formation of large 
cavities around the M/O interface, and iv) the initiation and propagation of ODSCC is reduced by the suppression 
of the GB oxide. 
    Finally, the implication of this study on the real service condition of nuclear power plants was also considered. 
For the perspective of the integrity of the oxide film, the increment of DH in the primary water degrades the quality 
of the secondary side surface oxide of SG tube by accelerating the corrosion rate, induced by an unstable NiO/Ni 
oxide film on the secondary side, and the formation of large cavities at the M/O interface. Even though the increment 
of DH in the primary water strengthens the SG tube by the suppression of the GB oxidation due to the decrease of 
the susceptibility of ODSCC, the increase in the concentration of H has an absolute detrimental effect from the 
viewpoint of the corrosion-dependent degradations such as fretting, wear, pitting, denting, wastage, and so on. 
Regarding to the corrosion-related degradations, the penetrated H is detrimental to the secondary-side reliability of 
the SG tube. Therefore, it is concluded that it should be more conservative to increase the DH value of primary 
water without considering the secondary degradations in PWR-SG. 
 
 
